IMA Journal of Numerical Analysis (2005) Page 1 of 22
doi: 10.1093/imanum/dri017

Maximum-norm error analysis of a numerical solution via
Laplace transformation and quadrature of a fractional order
evolution equation
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In a previous paper, McLean and Thomée (to appear), we studied three numerical methods
for the discretization in time of a fractional order evolution equation, in a Banach space
framework. Each of the methods applied a quadrature rule to a contour integral representation
of the solution in the complex plane, where for each quadrature point an elliptic boundary
value problem had to be solved to determine the value of the integrand. The first two methods
involved the Laplace transform of the forcing term, but the third did not. We analysed both
the quadrature error and the error arising from a spatial discretization by finite elements,
measured in the Ls-norm. The present work extends our earlier results by proving error
bounds in the technically more complicated case of the maximum-norm. We also establish
new regularity properties for the exact solution, needed for our analysis.
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1. Introduction

We shall consider numerical methods for an initial-value problem of the form
Ou+ J*¥Au = f(t) fort >0, with u(0)= uo, (1.1)

where 9, = 9/0t, A = —A, with A the Laplacian under homogeneous Dirichlet boundary
conditions in a convex bounded domain 2 C R? with smooth boundary, and —1 < o < 1. The
fractional order operator J< is defined by

(wa *v)(t) ifo<acx<l,
J(t) = < v(t) if =0, with w, (t) =
(Wita x0)'(t) if —1<a <0,

a—1

I'(e)’

where * denotes the Laplace convolution: (f x g)(t) = fgf(t — 8)g(s)ds. For a = 0, the
problem (1.1) reduces to a classical initial-boundary value problem for the heat equation, and
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for other values of «, (1.1) models other physical phenomena, cf. McLean and Thomée (to
appear). For a # 0 the evolution equation is non-local in time, and we note the limiting values

t
lim J%v(t) :/ v(s)ds and lim J%(t) =o' (t).
all 0 al—1

The present paper is a continuation of the paper quoted above in which we proposed three
methods for discretization in time of (1.1), and analyzed them a Banach space framework. We
then applied our results to fully discrete methods based on a finite element approximation in
the spatial variable, and derived bounds for the Lo-norm of the error at time ¢. Our present
work is devoted to the technically somewhat more challenging derivation of error estimates in
the maximum-norm.

Denoting the Laplace transform of u with respect to ¢ by

u(z) = L(u)(z) = /000 e lu(t) dt, (1.2)

we find easily from (1.1), since L£(wq)(z) = 27 for @ > 0, that, with I the identity operator,

~

(zI 4+ 27 A)u(2) = g(2) :=uo + f(2). (1.3)

Instead of using time stepping for the numerical solution of (1.1), our approach is to solve (1.3)
for @(z), and use this to represent the solution of (1.1) as a modified inverse Laplace transform,
which is then approximated by quadrature. In our basic method it is required that fA(z) is
bounded in a sector in the complex plane containing the real axis and extending into the left
half-plane. This method has a O(e~“") convergence rate on any closed time interval bounded
away from 0 and oo, where N is the number of quadrature points. A second method, inspired

by Gavrilyuk and Makarov (2005), uses a modification of the inverse Laplace transform and
has a O(e‘c\/ﬁ) convergence rate, which now holds uniformly down to ¢ = 0. A third method
has a similar error behavior, but has the additional advantage that it avoids the use of f and
so is more generally applicable. Each of the three methods requires the solution of N elliptic
problems, which may be solved in parallel. For the first two methods, these elliptic problems
are independent of ¢, and thus give the approximate solution of (1.1) for all ¢.

In Section 2 below we discuss the initial-boundary value problem (1.1) in an abstract setting,
with A a sectorial operator in a Banach space B, and in Section 3 we review the abstract theory
from McLean and Thomée (to appear) for our three time discretization methods.

In Section 4 we show error bounds in the maximum-norm for a spatially semidiscrete version
of (1.1) based on piecewise linear finite elements. This analysis depends on known resolvent
estimates in the maximum-norm, for —A by Stewart (1974), and for its finite element analogue
by Bakaev, Thomée & Wahlbin (2003). In Section 5 we use our general theory to derive error
bounds in maximum-norm for fully discrete schemes obtained by applying the time discretiza-
tion methods of Section 3 to the spatially semidiscrete solution. In Section 6 we illustrate our
results by some numerical examples, with special focus on the third method, which does not
utilize f.

In an Appendix we include, for the convenience of the reader, a proof of the maximum-norm
resolvent estimate for —A, which avoids the technical complexity of the much more general
analysis in Stewart (1974), and extends the result from C to Ls. The proof has been provided
to us by Michel Crouzeix, whose generous help is gratefully acknowledged.
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2. The continuous problem

In this section we discuss our initial-boundary value problem (1.1) in an abstract form, with A
a closed, sectorial operator in a Banach space B with norm || - ||. We thus require the spectrum
of A to lie in a sector

Y, =A{z: |argz| < ¢}, With0<</7<(1—04)g, (2.1)

and that for some constant M > 1, the resolvent estimate

M

I-A)7 < —,
T =47 < T

for z ¢ X, (2.2)

holds in the operator norm induced by the norm || - || in B. From (1.3), it follows that
U(z) = E(2)g(z), where &(z):=2"(z""*T+ A)7", (2.3)
and from the resolvent estimate (2.2) we obtain

N M|z|* M — . =
I€(2)] < T o < =R for 2 € X, fB:= mln(ﬂ', 1 —i—a)' (2.4)

The condition on ¢ in (2.1) ensures that 37 < § < 7.
For any w > 0, let I" be a curve in the sector Xz which is homotopic with the vertical
line I'y = {z : Rez = w} and extends into the left half-plane. We assume that the Laplace

transform f(z), defined according to (1.2), may be continued as an analytic function to the
closed subdomain of X5 to the right of and including I'. By the Laplace inversion formula we
may then write

1 N
u(t) = —/ e*'w(z)dz, where w(z) = E(2)g(2). (2.5)
2m Jp
Taking f = 0 in (1.3), so that g(z) = ug in (2.3), we see that the solution operator for the
homogeneous case of (1.1) is given by

1 .
E(t)ug = — [ e*E(2)updz, fort > 0. (2.6)
211 r
We recall that, if A is densely defined, then (2.2) implies that —A generates an analytic
semigroup E(¢) on B, which may be represented by (2.6) with o = 0, i.e.,

1
Etyv=-— [ e (zI+ A vdz, fort>0, (2.7)
2mi Jp

see, e.g., Pazy (1983). Even when A is not densely defined, (2.7) defines an operator with
many of the properties of an analytic semigroup, the essential difference being that E(t)v — v
for ¢ — 0 if and only if v € D(A) # B, see da Prato and Sinestrari (1987). In this case, the
restriction of E(t) to By = D(A) is a standard analytic semigroup on By.

Even though the operator in (2.6) is not a semigroup for « # 0, it still has the stability and

smoothing properties of an analytic semigroup described in the following theorem.




4 of 22 W. MCLEAN AND V. THOMEE

THEOREM 2.1 For —1 < a < 1 the solution operator (2.6) for the homogenous equation
satisfies, for ¢ > 0,

|A7E@ (t)ol| < Cp oMt FI7 ]|, for ¢ >0, 0 =0, 1, (2:8)
and
IED @0 < C  ME+=||Av],  for g > 1. (2.9)
Further,
v — E(t)v]| < CaMt T Av]. (2.10)

Proof. From (2.6) we see that

1 .
ED(tyw=— [ 29*E(z)vdz fort>0 andq >0,
211 r

and since AE(z) = 2@ A(z11T + A)~! = 22(I — 2€(2)), (2.4) with M > 1 implies
|AE(2)|| < 2M [2]* for 2 € D5 (2.11)

Hence, for ¢ = 0, 1, we have R
[[A7E(2)| < CM|z|(1+O‘)U_1. (2.12)

We now choose I = I 0 U I'?° where I is the circular arc parameterised by z = t~te?
for || < B and I° = {z = re*” r > 1/t}. Since Ree®™” = cos3 < 0, we find using the
substitution r = t~1p that

M. [= ; d p
”Aag(q) (t)vH < 2_ <2/ rdert cosﬁT(lJra)cr _T _|_/ $—9p008 0t7(1+a)o d@) H,U”
7T 1 3

/t r B
o0 _ g
_ % t7q7(1+0c)cr </ pq+(1+a)oepcosﬁ @ +/ ecos 0 d9> H,U”7
™ 1 P 0

which shows (2.8). Next, we observe that if we set

E%z) =E(z) — 27" = —27172E(2) A, (2.13)
then, since (27i)~! [ e** 27! dz = 1, we have

Elt)yv—wv = L eZt(g(z) —z Yde = L et E%(2)v dz (2.14)
211 r ™ r ' '

Here, by (2.4),
IE°(z)v]| < CM 2|~ | Av]],

(o9}

and hence, for ¢ > 1,
tcos B —(1 dr s 56,1
rie” co:aﬁ,r.—( o) 20 + / 7t_quOb tttean ||AUH

|s@uwn<cM(/
1/t r B

o0 _ d B
- CM t(lJra)fq (/ pq7(1+a)epcosﬁ 7p _|_/ ecost d@) ||A1)H,
1 0
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which shows (2.9). In the same way (2.10) follows using (2.14) O
Note, in particular, that the solution u(t) = £(t)ug of the homogeneous case of (1.1) belongs

to D(A) for t > 0. It also follows from (2.10) that E(t)ug — up as t — 0 if ug € D(A). We

shall later have reason to apply the following regularity result for the homogeneous problem.

COROLLARY 2.1 Let —1 < a < 1. If f =0 then the solution of (1.1) satisfies

t
/ [|[Av/(s)|| ds < Cp M '] Augl|, for t > 0. (2.15)
0

P’IOO’. ['heorem 2.1 gives
HAu/(t)H - ”‘15/(15)“0” - ||5/(t)11u0|| S CgMi HA2L‘0H-
B

O
Using an interpolation space argument, the regularity requirement for ug in (2.15) may be
somewhat reduced. We shall not insist on the details.

-~

Since the inverse Laplace transform of £ (z)f(z) is the convolution of £(t) and f(t), one may
show the Duhamel formula

u(t) = E(t)uo + /0 E(t—s)f(s)ds. (2.16)

This expression for u(t) is well defined even without knowledge of f, and may be considered to
define a mild solution of (1.1). By the case 0 = ¢ = 0 of (2.8), it follows that this mild solution
is stable in the sense that

t
) < €51 (Juoll + [ s ds). for e > 0. (217)

We now consider the inhomogenous problem (1.1) with zero initial data, ug = 0. In our
applications in the present paper it is desirable to avoid spatial regularity requirements for f(t)
for ¢t > 0, so as not to impose unnatural restrictions on the boundary values of this function. We
shall therefore show two regularity results, for @ < 0 and a > 0, respectively, for the quantity
bounded in Corollary 2.1 and which require no “spatial” regularity of f(¢) for ¢t > 0.

THEOREM 2.2 For —1 < a < 0, the solution of the inhomogeneous problem (1.1), with ug = 0,
satisfies

[ 1aveias < et (1o + [ 1r61as). woreo
0 0

Proof. Since Au(t) = fg AE(s)f(t — s) ds we see that

Au'(t) = AE(t) £(0) —l—/o AE(s)f!'(t — s)ds,

and hence, by Theorem 2.1,

t
v 0] < CﬁM<t‘(1+a)||f(0)ll " / 0| (1 )] ds>.
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Since 1 + a < 1, we find by integration

/||Au ) ds < | | M a0 |\+cﬁM/ 1“”/ 1£/(s — )] ds dr,

which is bounded as claimed. O

THEOREM 2.3 Let up = 0 and assume f(0) € D(A). For 0 < a < 1 the solution of the
inhomogeneous problem (1.1) satisfies, for ¢ > 0,

[ 1aveas < cogpreiagon + cogpre== (1o + [l as).
Proof. From the identity ﬁ(z) = zf’(z) - f(0)== f( ) — zf(0) — f'(0) we see that

Ad'(t) = 2i /F et AE(2) (f(0)+=z"1f(0) + zflﬁ(z)) dz

i
Thus, if we define the linear operator

1 N
B(t)yv = — [ e*z71AE(2)vdz,
271 r

then
Au'(t) = AE(4) f(0) + B(t) f'(0) + /0 B(s) f"(t — s) ds. (2.18)
Taking 0 = ¢ =0 and v = Af(0) in (2.8), we see that

[ 1ae@ 01 s < a1 as),

Further, using (2.11), we have, by the method of proof used for Theorem 2.1,
>~ rtcos B,.a dr g cosbf—a —«
1B@)|| < CM e r®— 4 [ et dg | < CgMte.
1/t r -y
This bounds the last two terms in (2.18) as desired. O

COROLLARY 2.2 Assume that ug = 0. The solution u(t) of the inhomogeneous equation (1.1)
belongs to D(A) for t > 0, in the case —1 < a < 0 if f/ € L1(0,¢;B), and in the case 0 < o < 1
if £(0) € D(A) and f” € Ly(0,: B).

t
Proof. Since ||Au(t)]| < / | Au’(s)|| ds, this follows at once from Theorems 2.2 and 2.3. [
0

For completeness we remark that conditions for the function u(t) of Corollary 2.2 to belong
to D(A) may also be expressed in terms of f. Here and below we use the notation

I9llz = llglls,z = supllg(=)ll,  lgllz = lgllB,z := sup (1 + |2])”[|g(2)[]), for v > 0.
z€Z z2€Z

With regard to the latter norm, recall that the decay of the Laplace transform f(z) reflects the
regularity of f in time, and the order to which f(¢) vanishes as ¢ — 0; consider, for instance,

L{1} = 27! and L{t} = 272. We cannot expect ||]?||gﬁ,V to be finite for v > 1 if f(0) # 0.
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THEOREM 2.4 Setting v = 1 4+ a, we have for the solution u(t) of the inhomogeneous equation
(1.1) with ug =0, for ¢ > 0,

[Au@)] < CaMt™"| fll 55, and [Au(®)]| < C3M||f]l5;-
Proof. By (2.6) we have

~

_ 1 2t A O
Au(t) = 5 /Fe AE(z2) f(2) dz.
Hence, in view of (2.11),

l4ul < cn [ 10 1e L
r

Choosing I" as in the proof of Theorem 2.1 we may bound the integral over I" by Ct~(1=9)7,
which shows the theorem. (]

Iy, S= 0,1

3. Time discretization

In this section we review the analysis from McLean and Thomée (to appear) of our three
methods for discretization in time of the initial-value problem (1.1) in the Banach space setting.
We formulate the three methods in detail and state the error bounds without proofs, in a form
convenient for our applications. Although in our earlier paper we assumed that the operator A
was densely defined in B, this was not used in these proofs, so that the results remain valid in
our present context. R

We select an integration contour I” in (2.5), such that f(z), and thus also g(z), is analytic
on and to the right of I', and then apply a quadrature formula to (2.5). Specifically, we assume
that f(z) is analytic in fg, where

Yi=w+XzCl; withw>0,8¢€ (%W,B] and 8 < m,
and choose I' to be a curve of the form

z=2(&) =w+ A1 —sin(d —i€)) =w+ A(1 —sind cosh&) +iAcosd sinh&, £ € R, (3.1)
where the scaling factor \ is positive and § will be assumed below to satisfy § € (0,8 — %w)
Writing z = x + ¢y we find that I" is the left branch of a hyperbola which cuts the real axis at
the point z = w + A(1 — sind) and has asymptotes y = £(z — w — X)cotd. Thus, the above
condition on ¢ ensures that I" lies in the sector X% and crosses into the left half-plane. The
assumption that 8 < 7 ensures |z| > cglz — w| for z € X%, where cg = sin 8 > 0.

We may therefore represent u(t) as an integral with respect to &,

u(t) = / - v(€,t)dE,  where v(€,t) = i,ez@w(z(g))z'(g).

PN 2mi

tek(l—sin dcosh &)t

The factor e*©* in the integrand has modulus e* and so exhibits a double-

exponential decay as || — oo, for any fixed ¢ > 0.
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For our first approximation method, we choose a quadrature step k& and apply an equal
weight quadrature rule

N

Qn@) =k Y v(&)~ / v(€)de,  with & = jk. (3.2)
j=—N —oo
In this way, we obtain an approximate solution to (1.1) of the form
N
Un(t) == Qn(v(-1)) = e ei'w(zy) zj,  where z; := 2(§)), 2 := (&) (3.3)

To compute Up (t) we must therefore solve the 2N + 1 elliptic equations
(ZJHO‘I + Aw(zj) = 25g(z;), for [j| < N. (3.4)

These equations are independent and hence may be solved in parallel. Note that the w(z;) € B
determine the approximate solution (3.3) for all ¢ > 0. We remark that the definition (3.3)
depends on the choice of the curve I', even though the representation (2.5) does not.

To analyze the quadrature error, we extend the parametric representation (3.1) of I" to a
conformal mapping

z=&(¢) =w+ A1 —sin(d — i),

fromY, ={¢:|Im¢| <r}onto S, ={P(): (€Y.} DI In fact, # maps the line Im¢{ =17
onto the left branch of the hyperbola (3.1), with ¢ replaced by 6 4+ 7, so S, is bounded on the
left and right by the left branches of the hyperbolas corresponding to Im{ = +r. To ensure
that S, C X% and that Rez — —oo for |z| — oo with z € S,, we shall require throughout that

O0<d—r<d+r<p- %w, or equivalently, see Figure 1, that 0 < r < min(5,6 — %w — 5).

In (McLean and Thomée, to appear, Theorem 3.1) we showed the following O(e=“V) error
bound for ¢t > 0, with specific A « N and k& o< 1/N. Here and below we write 7 = 27r and
¢(s) = max(1,log(1/s)).

THEOREM 3.1 Let u(t) be the solution of (1.1), and let [to,7] C (0,00). Let 0 < 0 < 1,
and define b > 0 by coshb = 1/(f7sind), where 7 = to/T. Let the scaling factor in I’
be A\ = OFN/(bT), and Un(¢t) be the approximate solution of (1.1) defined in (3.3), with
k=0b/N < 7/log2. Then we have

UN(8) = u(t)]| < CM e £(p, N)e N (luol| + | fllzg),  for t € [to, T,

where p = 7(1 — 6)/b, p, = 677 sin(6 —r)/b, and C = Cjs,, 3.

One drawback of this result is that it says nothing about the error for 0 < ¢ < ¢p. Numerical
results reported in McLean and Thomée (to appear) confirm that in practice the accuracy
of Un(t) deteriorates as ¢ — 0. For the case @ = 0 of a parabolic partial differential equation,
Gavrilyuk and Makarov (2005) modified the integrand in the representation formula (2.5) in a

way that yielded a O(e‘c\/ﬁ) convergence rate, uniformly down to t = 0, provided the data
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Y

. il

F1G. 1. The region S, (shaded) and the contour I" for w = 0.

possess some “spatial” regularity, and this idea was used in McLean and Thomée (to appear)
also when « # 0. Specifically, we note that

t
L(ug+ F(t)) =2z""(uo+ f(2)) =2""g(z), where F(t):= / f(s)ds,
0
so that, with £°(z) defined in (2.13), we may rewrite (2.5) as

u(t) =ug + F(t) + = /Feztéo(z)g(z)dz. (3.5)

211

Setting

w'(2) == E%(2)g(z) = w(z) — 27 'g(2), (3.6)
and using the parametric representation (3.1) of I', with A appropriately chosen in the modified
integral in (3.5), we now have

o0

00(&,t)dE,  where v0(€,t) 1= %ez(g)two(z(ﬁ)) 2'(€).

T

w(t) = uo + F(t) + /

— 00
Applying again the quadrature rule (3.2) we obtain our second approximate solution to (1.1),

N
k .
U (t) :=uo + F(t) + 5 FE_Ne itw®(z5) 2}, for t = 0. (3.7)
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Once again, to compute this approximate solution, we must first obtain the values of w(z;)
for |j| < N by solving the elliptic equations (3.4), and then use (3.6) to find the w°(z;). The
error bound of (McLean and Thomée, to appear, Theorem 3.2) then contains the following for
our modified method (3.7), valid uniformly down to t = 0.

THEOREM 3.2 Let u(t) be the solution of (1.1) and suppose 0 < v < 1+ a. Define I" by (3.1)
with A = v/(kT), where & = 1 — sin(d — r). Let UY(¢) be the approximate solution of (1.1)
from (3.7), with k = \/7/(yN) < 7/log2. Then we have, with C' = Cjs, g,

IUR(8) = u(@)]| < OMe' TN (| Aug)| + || fllzs ), for t <T.

A serious restriction in the application of these two schemes is that they require the Laplace
transform f(z) to exist, to be computable for each z € I', and to be bounded on X%

We therefore consider a third alternative, based on the application of Duhamel’s formula
(2.16), which does not have this disadvantage. Defining

t
oeit) = o+ [ 0 f)d,
0

we find, by substituting the integral representation (2.6) into (2.16), that

1 5 ! 5 1 [z
u(t) = ﬁAeZtE(z)uodz+A %Aez(t_s)g(z)f(s) dzds = 5 E(2)g(z,t) dz.

™ r

This means that, compared to (2.5), we have restricted the integration in the definition of f(z)
to (0,t), which is consistent with the fact that u(t) only depends on f over this interval. Note
that we have included the factor e** in the definition of g(z,t) to avoid floating-point overflow
when Re z is large and negative. In general, the integrand £(2)g(z,t) does not exhibit a double-
exponential decay for z = z(£) and || — o0, so we cannot proceed as in our first method but
must instead modify the integral representation of u(t) as in our second method. Since

1 9(z:1)

— | z7Yg(z,t)dz = res
o

=g9(0,t) = F(t
5 ). e 220 = 6(0,0) = wo + F (1),

it follows that )
u@=w+nw+—/§WMwm4
I

2mi
which is similar to (3.5). Setting w(z,t) := £(2)g(z,t) and
@(z,1) = E()g(2,1) = w(z,t) — 27 g (5, 1), (3:8)

and using once again the representation (3.1) for I', we obtain

o 1
u(t) = up + F(t) +/ 0(&,t)dE, where ¥(&,t) = ﬁw(z(ﬁ),t)z'(ﬁ).
The quadrature rule (3.2) now gives our third approximate solution
_ N
Un(t) i=uo + F(t) + 5— j;Nw(zj, t)z, (3.9)
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where the w(z;,t) are obtained by first solving the equations
(270 + Aw(z;,t) = 28g(z, 1), for |j| <N, (3.10)

and then using (3.8). In contrast to the elliptic equations (3.4) arising in the previous two
schemes, the right hand sides in (3.10), and hence also the solutions, now depend on t. The
equations (3.10) are independent for different j and ¢, so again we can we solve the 2N + 1
equations in parallel, and also solve these systems for different ¢ in parallel.

The following special case of (McLean and Thomée, to appear, Theorem 3.3) for our third
method looks as for our second method, and is also valid uniformly down to ¢t = 0. Here we
may use w = 0 and 3 = 3. We emphasize again that since this method does not depend on f
it is more generally applicable than the first two methods.

THEOREM 3.3 Let u(t) be the solution of (1.1) and suppose v = min(1,1 + «). Define I" by
(3.1) with A = «/(kT), where Kk = 1 —sin(d — r). Let Un(t) be the approximate solution of
(1.1) from (3.9), with k = \/7/(yN) < 7/log2. Then, with C' = Cj,. 5, we have

t
[Ox(t) = u(®)] < CMy 2T (Aol + OV + [ F]ds) for ¢ <.
0

4. Spatial discretization by finite elements

From now on we suppose that A = —A in a bounded convex domain 2 C R? with smooth
boundary 92, under homogeneous Dirichlet boundary conditions. More precisely, we shall
consider A as the closure of the standard Laplacian on C? = C2(£2) N Co(£2) in the Banach
space B = Lo = Loo(£2), equipped with the norm ||v||z_ = ess sup,cq|v(z)|. It follows from
the estimate (4.6) below of Agmon, Douglis, and Nirenberg that D(A) > W2(£2) N Co(£2) for
large p, and since it is clear that D(A) C Co(£2) we have D(A) = Co({2) # Loo. Thus, in order
for £(t)ug — ug as t — 0, it is required that ug € Co(£2).

In the Appendix we show that the resolvent estimate (2.2) holds for A, for arbitrarily small
¢, and that —A thus generates a generalized analytic semigroup given by (2.7). In particular,
it follows that the stability and smoothness estimates of Section 2 are satisfied in this case. For
given {2 the constant M in (2.2) depends only on ¢, and, for simplicity, we think of ¢ as fixed
below and let M be implicitly included in the other constant factors in our estimates.

To discretize in the spatial variable only, we use a family of quasiuniform partitions 7, = { K}
of {2 into polyhedral elements K, indexed by h, the maximum diameter of the K. Let V}, denote
the corresponding space of continuous piecewise linear functions vanishing on 942,

Vi ={x €C(2): x|, linear in K, x =0 on 912},
and recall the approximation property

dnf {llu =Xz + RV =)llze ) < Ch?|lulyyz -
The spatially discrete problem is then to find u(t) € V}, such that

(Orup, x) + J*(Vun, Vx) = (f,x), VX EVh, t 20, with up(0) = uop. (4.1)
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Here, as usual, (-,-) denotes the inner product in Ly(£2), and ugp, € V3, is a suitable approxima-
tion to ug.
Introducing the discrete Laplacian Ay : V;, — V}, defined by

_(AM/%X) = (V1/)7VX)7 for 77[% X € th

the problem (4.1) is equivalent to
Opup, — J*¥Apup, = Prf(t), fort >0, with u(0)= ugp,

where Py, : Lo(£2) — V}, is the orthogonal projector with respect to (-,-). We shall now consider
this as a problem of the form (1.1) in B =V}, with norm || - ||, and with A = —Ay.

It is known from Bakaev, Thomée & Wahlbin (2003) that, when {2 is convex, with a smooth
boundary, the maximum-norm resolvent estimate (2.2) holds for A, = —A;, for arbitrarily
small ¢, with M independent of h. Thus, with I" C X3, the results of Section 2 apply, and
in particular, the analogue of (2.8) holds for the solution operator of the spatially discrete
homogeneous equation,

1 ~ ~
En(t)uo = %AGZtgh(Z)UOh dz, where &(z)=z%(""T+ Ap)~t.

We shall think of the family of approximating spaces V}, as given, and, as in the continuous
case, let the constant in (2.2) be implicitly included in with other factors in our estimates.
To establish error estimates for u; we introduce the Ritz projector Ry, : H (2) UC(2) — Vj,
defined by

(VRpv,Vx) = (Vv,Vy) = Z / v 9x ds, Vx €W,
KeT, oK on

We begin with a nonsmooth data error estimate for the semidiscrete problem, which was
shown in (McLean and Thomée, 2004, Theorem 5.1) for 0 < o < 1. The argument for —1 <
« < 0 is the same, but for completeness and later reference we include the proof.

THEOREM 4.1 Let up(t) and u(t) be the solutions of (4.1) and (1.1), with f analytic in X,
and let uon, = Prug. Then we have, with C = C, g and ¢, := max(l, log(l/h)),

Ct—l—a
14+«

lun(t) = w(®)] .. < W26 (Juollpo + [ fllLw,y), for 0<t<T.

Proof.  With notation as above we may write, with I" = 0X7%,

up(t) —u(t) = = /F e 2% Gp(2)g(2) dz, (4.2)

2w

where R ~
Gn(z) == 2"%(En(2)Py — E(2)) = (2" T + Ap) ' Py — (' + A7

We shall show below that

|Gr(2)v||L.. < Ch22||v||L.,, forze X3 (4.3)
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Assuming this, we have at once
[Jun(t) —u(t)llL. < ChzfﬁHglle,zg/ le*"| 2] dz]. (4.4)
r

Setting z = w + se™ on I', we have ¢s < |2| < s+ w on I, since ¢z — w| < |2| for z € Xg,
with ¢ > 0. Hence, |z|* < Cs® for —1 < a < 0, whereas |2|* < w*+s* for 0 < a < 1, so

oo
/ le] |2]%|dz| < Ce“’t/ et max (s, w® + s*) ds < Ce® (t717* + w7 1),
r 0

Together with (4.4) this shows our claim.
It remains to show (4.3). For this purpose, we write, with w = 27 R(w) = (wl + A)~1,
and Ry (w) = (wl + Ap)7L,

Gr(z) = Rp(w) Py, — R(w) = Gr1(2) + Gpa(2),
where
Gpi(z) := (Pp — DR(w) and Gpa(2) := Ru(w)Pn — PyR(w).

To bound these two operators we use the fact that the piecewise linear interpolant I, : C(£2) —
V}, satisfies

1Thv = vl Lo < CR*¥P|l0]lwz, for p>d/2, ifv=0on 0% (4.5)

This follows from the corresponding inequality for an individual element K of the partition 7,
which in turn may be obtained by transforming to a reference element and using the Bramble—
Hilbert lemma, together with an obvious estimate for v on 2\ £2,. We also need the regularity
estimate

[vllwz < Cpl|Av]|r,, for1<p<oo, ifv=0ondf, (4.6)

from Agmon, Douglis & Nirenberg (1950). These authors state (4.6) without the explicit
dependence on p, which may be traced through their proof to the Calderon—Zygmund lemma.
Together (4.5) and (4.6) show, with p = £,

1T — o]l < Ch2=YPp|| Av||L, < Ch2L, | Av||_.. (4.7)

To bound Gp1(z) we note that P,v —v = (P, — I)(v — Iv) and recall the stability estimate
|1Prollr.. < CJv|r., from Douglas, Dupont and Wahlbin (1975). The operator AR(w) is
bounded in L, uniformly for z € Y3, and hence

G (2)v]|ze < C|[(In = DR(w)v[|, < Ch* | AR(w)vl ., < Ch*p o] 1. - (4.8)
To bound Gpa(z), we make use of the identity P, A = A, Ry, by writing
Gra(2) = Rp(w)(Pp(wl + A) — (wl + Ap)Pp)R(w) = Ry (w)An(Rn — Pr)R(w),
and deduce that, because R, — P, = Ry (I — Pp),

th (Z) = Rh(w)AthGhl (Z)
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Since (wI + Ap)~'Aj, is uniformly bounded on X3, we have
1Gh2(2)|| o < ClIRRGR1(2)]| Lo - (4.9)

Recalling the maximum-norm stability estimate by Schatz and Wahlbin (1982) for the elliptic
projection Ry,

|Rnvllp.. < Cly o]z, forveC(2), (4.10)

it follows with the help of (4.8), since Gp1(2)v € Co(£2), that
1Gh2(2)0l| 2o < ClRNIGR1(2)0] Lo < CR2GIV] L, (4.11)
which completes the proof of (4.3). O

We now show a smooth data estimate valid uniformly down to ¢t = 0.
THEOREM 4.2 Let up(t) and u(t) be the solutions of (4.1) and (1.1), with f analytic in Xy
and uop = Prug. Then we have, with v =1+ a and C' = Cp,

hun(®) = u@ll o < CH26 e (| Auope + 1 lp,z), fort >0,

Proof. We shall again use (4.2), choosing now I' = w + I'Y U I'}>°, with I? and I’ as in the
proof of Theorem 2.1. First note that by (4.8) and (4.11), and since A = —A commutes with
R(w), we have

C e

292
1Gr(2)vl L., < ChoL[|R(w)Av]|L,, < T [

|Av]|L,,, forze XF.
Hence, in the case that f(¢) = 0, we have from (4.2)
2 2 tz) 42|
lun(t) = u(®)llL., < Ch7L, F|€ |H | Auol| L.
and, using |z| > ¢[z —w| in X%, the result stated follows from

d o d oo s d
/ | zt|||7| O/ 0§Cand/ | zt|||2|| <O/ e—stcosﬁ?‘9 gc

~

To treat the term in f, we use (4.3) to find, for z € 23,

-~ Ch202|z|® Ch2¢?
121G () )l € = 1l sy < 2 1l s
(1+z[)7 e
In the same way as above this shows the result stated for ug = 0. 0

For the purpose of application to the analysis of our third time discretization method we
next show a classical type smooth data estimate that does not use f ( ).

THEOREM 4.3 Let up(t) and u(t) be the solutions of (4.1) and (1.1), respectively, with ugp =
Prug. Then, with C = Cp,

t
lun(®) = u(®)ll 2. < CH26 (]| Auolls.. +/ | Au(s)|lz.. ds) for t > 0. (4.12)
0
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Proof. We write up, —u = (up, — Rpu) + (Rpu — u) = 9 + o and note that, by (4.10) and (4.7),
IRho = vllz.. < ClillInv —vllz.. < CR*G]|Av]|z..

Hence
t
le)le.. < G Aur. < 6 (| Al + [ 1 Aus)] . ds).
0

Further, one easily finds
0 — JYAp = — Py, fort >0,

and hence, using Duhamel’s principle (2.16) and the stability of £, (t) and Pj, in Lo,

t t
901 < C(10O) e+ [ Nerlds) < CHE (| Bule+ [ 1 Aus) ds).
0 0

Together these estimates show the theorem. 0

Using the results of Corollary 2.1 and Theorems 2.2 and 2.3 for A = —A, v’ = uy, etc., with
Il = 1l -l L., immediately bounds the right hand side of (4.12) in the respective cases in terms
of the data of (1.1), and thus provide a maximum-norm error estimate for the semidiscrete
problem in (4.1).

5. Discretization in both time and space

In this section we present some error bounds for the fully discrete methods obtained by applying
our three time discretization methods to the spatially semidiscrete problem (4.1). The fully
discrete solution Uy j(t) obtained by application of our first method (3.3) to (4.1), with ug, =
Pruyg, is thus defined by

Un,n(t 27” Z e* 1wy (25) % with wy(2) = gh(Z)Phg(Z). (5.1)

To find Uy p(t) for a range of values of ¢ it is now required to solve the discrete elliptic problems
to find wp(z;) € Vi, for |j| < N, such that

ZJ1-+a('th(Zj),X) + (Vwn(z), Vx) = 25 (9(2j), X)), ¥V X € Va. (5.2)

As before, these problems may be solved in parallel.
Combining Theorems 3.1 and 4.1 immediately shows the following error estimate for our
fully discrete method.

THEOREM 5.1 Let u(t) be the solution of (1.1), and let Uy ;(t) be defined by (5.1). Then,

under the assumptions of Theorem 3.1, we have, with C' = Cjs ;. 3,0+, 7 and [to, T] C (0, 00),

C _ —~
1UN.1 (1) —u®)llze < 707 (h*6 + L(pr N)e ™) (luoll Lo + 1w, s5), forto <t <T.
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Applying the modified time discretization method (3.7) to the spatially discrete prob-
lem (4.1), again with ugp = Phug, we obtain a different fully discrete solution, namely,

N
k . . _
U]%,h(t) — Ph(UO + F(t)) + 3 Z ethwg(zj)z;-, with w,ol(z) =wp(z) — 2 1Phg(z). (5.3)
j=—N

Notice that since wf)(z) = Py (wn(z) — 27'g(2)), we may write

N

Z ezjt(wh(zj) — zj_lg(zj)) z;),

U n(t) = Pr (uo +F(t) +

2
J

which avoids computing Prg(z;) for each j. Using Theorem 3.2 we now have the following
estimate for the error in the discretization in time of the spatially discrete problem (4.1). This
estimate may then be combined with Theorem 4.2 to obtain a complete O(h%¢% +e~ V™) error
estimate.

THEOREM 5.2 Let up(t) be the solution of (4.1), let Un »(t) be defined by (5.3). Then, under
the assumptions of Theorem 3.2 we have, with C' = Cs ;. 3.0 T,
UR (1) = un ()10 < Ce™Y N (| Aug|| 1y + |l Lo 52.4) for t <T.
Proof. This follows at once from Theorem 3.2 and the inequality
| APy L. < CE|Av||L.., for v e D(A). (5.4)
To show (5.4) we write
[AnProllLo < [AnRvl|Lo + | AP (R — Dol Lo = T+ 11,

Since ApR), = PrA, we find I < C||Av]|. For IT we note that since {73} is quasiuniform, we
have the inverse estimate

[Anx]lLe € Ch2|XllLes VX € V. (5.5)

In fact, for any ¢ € L1, since P, is stable in Ly,

(Anx, ®) = (Anx, Pag) = (VX, Vi) < > IVXI L) IVPadl L ()
T€T)

< Ch72 Iz [1Paellz, < Ch72lIXlIzo Ly,
which shows (5.5). Thus, using (4.7),
IT < Ch2|[(Bn = Doll oy < Ch™2|(In = Do £ < C[|AV] 1.

This shows (5.4) and thus the theorem. O
We finally turn to our third method, using (3.9). With wy(z,t) = £°(2)Prg(2,1), so that
the wy(z;,t) satisfy the obvious modifications of the elliptic finite element equations (5.2), we
define wy,(z,t) = wy(2,t) — 271 P,g(z,t) and put
- P X
Unn(t) := Py(uo + F(t)) + 5 > dn(z,t)2). (5.6)

T
j=—N
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As with (5.3), since Wy (2,t) = P (wi(z,t) — 27 g(z,t)) we can avoid computing P,g(z;,t) for
each j by moving P, outside the sum.
For this method we have the following, now based on Theorem 3.3.

THEOREM 5.3 Let up(t) be the solution of (4.1), and let ﬁNyh(t) be defined by (5.6). Then,
under the assumptions of Theorem 3.3, we have with C' = Cy,. 5 , 1,

t
[Onlt) = un(0)] e < OV (| Aualls + 1£O e + [ 1) ds) fort<T.
0

6. Numerical Examples

We illustrate our results using two numerical examples. In both cases, A = —A on the square
2 =(0,4) x (0,4) with homogenous Dirichlet boundary conditions, and we choose T' = 5. For
the initial data we take a simple linear combination of eigenfunctions of A,

up(z) = §sin(gma1) sin(irzs) + 2 sin(37ray) sin(2nay). (6.1)
Since the spectrum of A is a subset of the positive real half-line, the angle ¢ in (2.1) may be
arbitrarily small, and we choose § = Zmin(1,(1 — @)/(1 + a)), so that our assumptions are
satisfied for 0 < r < §; see Figure 1 and the discussion preceding Theorem 3.1. In our numerical
computations we use r = 0.9 x 4. For our first method, we choose ty = 0.5 and § = 0.1, and for
our second and third methods we set v = min(1,1 + «). In the experiments described below
we use a fixed triangulation of {2 and increase IV until the error from the time discretization is
neglible in comparison to that from the spatial discretization.

We start with a uniform 60 x 60 grid and then bisect each square along its north-west to
south-east diagonal, thereby triangulating (2. Since analytic solutions are not available for
our example problems, in both cases we compute a high accuracy, reference solution using one
of our time discretization methods with a sufficiently large choice of N = N*. In addition,
our reference solution employs a finer 240 x 240 spatial grid, and for each elliptic problem we
incorporate one step of Richardson extrapolation (requiring a further elliptic solve on a 480 x 480
grid), so that the spatial error is O(h?*). This reference solution serves as our “exact” solution
for 0 < ¢ < T, but at ¢ = 0 we use the known initial data (6.1). The errors shown in the tables
are for the discrete maximum-norm using the nodes of the 240 x 240 grid, which means we
sample the error at 15 points in each triangle of the original 60 x 60 grid. To solve the linear
systems we use the sparse direct solver for complex matrices provided by UMFPACK, see Davis
(2004).

To simplify our implementation, when assembling the load vector for the finite element
equations (5.2) we approximate g(z;) by Ing(z;), where I, is the interpolation projection that
takes v € C(£2) to the continuous, piecwise-linear function I,v satisfying Inv(z,) = v(zp)
for all vertices z, in the triangulation (including the vertices on the boundary, so Inv ¢ V4
if v(xzp) # 0 for any z, € 0f2). In effect, we compute a numerical solution to a modified
continuous problem, with ug and f(¢) in (1.1) replaced by Inug and I f(t). The stability
estimate (2.17) for the continuous problem implies that the associated additional error is of
order |lug — Trhuo|| + fot Ilf(s) — In.f(s)|| ds, which will be O(h?) for our choices of ug and f.

EXAMPLE 6.1 We begin by revisiting a calculation from our previous paper, McLean and
Thomée (to appear), but with the error measured in the maximum-norm instead of the Lo-
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TABLE 1 Errors in Una(t), U (1), Unn(t) at t = 2.0 for a
60 x 60 grid with f(z,t) = e */* and o = —1/2.

N method 1 method 2 method 3
5 3.0464e-02 4.7060e-01 1.1820e-01
10 3.4677e-03 3.1097e-02 2.6197e-02
20 3.4677e-03 8.2922e-03 5.2769e-03
30 3.4677e-03 4.6244e-03 3.4677e-03
40 3.4677e-03 3.4677e-03 3.4677e-03
TABLE 2 Errors in Uy ,(t) for f given by (6.2) and o = —1/2.
N t=20.0 t=1.0 t=3.0 t=25.0
5 1.6655e-01 8.2316e-02 1.1979e-01 9.3548e-02
10 5.5016e-02 1.7858e-02 2.2820e-02 2.05639%e-02
20 1.0004e-02 3.9879e-03 3.7614e-03 3.4283e-03
30 3.5077e-03 3.2388e-03 1.7528e-03 1.3733e-03
40 2.6674e-03 3.2388e-03 1.7296e-03 1.2651e-03
50 2.8163e-03 3.2388e-03 1.7296e-03 1.2651e-03
60 2.8741e-03 3.2388e-03 1.7296e-03 1.2651e-03
80 2.9043e-03 3.2388e-03 1.7296e-03 1.2651e-03
TABLE 3 Errors in [7N7h(t) for f given by (6.2) and o = 0.
N t=20.0 t=1.0 t=2.0 t=3.0
5 5.2112e-02 2.1288e-02 2.1385e-02 2.3927e-02
10 7.9343e-03 4.5562e-03 2.6404e-03 2.6243e-03
20 2.0079e-03 3.1085e-03 4.6697e-04 1.6832e-04
30 1.6319e-03 3.1085e-03 3.5982e-04 6.4468e-05
40 1.5893e-03 3.1085e-03 3.5100e-04 5.6079e-05
50 1.5829e-03 3.1085e-03 3.4990e-04 5.4931e-05
60 1.5814e-03 3.1085e-03 3.4971e-04 5.4739e-05
80 1.5810e-03 3.1085e-03 3.4966e-04 5.4694e-05
TABLE 4 Errors in ﬁNJL(t) for f given by (6.2) and a = 1/2.
N t=20.0 t=1.0 t=3.0 t=25.0
5 1.7901e-01 3.2777e-01 7.1592e-02 2.3052e-02
10 3.6276e-02 8.3494e-02 1.9718e-03 3.2560e-03
20 3.6340e-03 1.0699e-02 6.9519e-04 7.5804e-04
30 2.2102e-03 2.7341e-03 6.9519e-04 6.4513e-04
40 2.5698e-03 2.2754e-03 6.9519e-04 6.4710e-04
50 2.6234e-03 2.2754e-03 6.9519e-04 6.5022e-04
60 2.6310e-03 2.2754e-03 6.9519e-04 6.4920e-04
80 2.6336e-03 2.2754e-03 6.9519e-04 6.4935e-04
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norm. For o = —1/2, we make the very simple choice f(x,t) = e~*/4, which has the Laplace
transform f(x, z) = (z+ 3)~*. Note that f(z,¢) does not vanish for z € 912.

Table 1 shows the errors in the maximum-norm for each method when ¢ = 2 (using method 1
with N* = 60 to generate the “exact” solution). We see that for the first method, nothing is
gained by choosing N larger than 10, whereas for the second and third methods we should use
N in the range from 20 to 30.

EXAMPLE 6.2 We now choose

t(2—1t)?, for0<t<2,
b)) = 6.2
J(,t) {0, for t > 2, (62)

and find that f(z,2) = 6274 — 8273 + 4272 — (6274 + 42~ %)e~2%. Since HJ?”LOO.,Egﬁ = oo for
all v > 0, we cannot apply the error bounds for our first or second method. (In practice, our
code failed for these methods due to floating-point overflow in the evaluation of f.) Note that

the regularity results of Theorems 2.2 and 2.3 apply because f(z,0) = 0 and fOT I feell Lo, dt < oo

Tables 2, 3 and 4 show, for « = —1/2, 0 and +1/2, respectively, the maximum-norm errors
for our third method at four different times (using method 3 with N* = 120 to generate the
“exact” solution). As before, modest values of N suffice to reduce the quadrature error to a
level comensurate with the accuracy of the spatial discretization. Of course, in practice there
is no point in reconstructing the initial data, but the errors at ¢ = 0 give an indication of
the accuracy for small ¢ > 0. Observe that the accuracy is best in the middle of the time
interval [0,T] = [0, 5]; cf. our discussion in (McLean and Thomée, to appear, §6.1).

To conclude, we remark that for our methods to be competitive, one needs to develop iter-
ative methods suitable for the elliptic problems occurring. We envisage future work addressing
this question; a preliminary study appears in the final section of Sheen, Sloan and Thomée
(2003).

A. Proof of the resolvent estimate in maximum-norm for the Laplacian

In this appendix we give a simple direct proof of the resolvent estimate (2.2) in the case when A
is the closure of —A, under homogeneous Dirichlet boundary conditions, in B = Lo = Lo (12).
For B = C(2), the corresponding result is contained in the technically rather complicated paper
Stewart (1974), for more general elliptic operators. The approach in the present proof is to first
show that the semigroup E(t) in L, generated by A is; in fact, analytic and bounded in the
variable ¢, in any sector in the right half plane. The proof is based on material from Arendt
(2005-2006) and Ouhabaz (1995), as put together in Crouzeix (2008).

THEOREM A.1 Let E(t) = e?! be the semigroup in L., generated by A. Then E(t) extends
to an analytic semigroup for Ret > 0, and for any ¢ € (0, %w) we have

. 2 /2
IE@]|r. < Collvllrn, forte S, withC, = (m) .
Proof. 'We shall use that u(t) = E(t)v is the solution of the initial-value problem

Ou+Au=0, inf2, wu=0 ondf2, fort>0, withu(0)=o. (A1)
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With {A;}22,,{¢;}32, the eigenvalues and orthonormal eigenfunctions of —A, we have
U—Ze (v,9;)@j, fort>0, wve Ly, (A.2)

from which we see at once that E(t) is a contraction semigroup in Lo, which extends to an
analytic semigroup in the right half-plane Ret > 0. By Parseval’s relation E(t) is an isometry
on the imaginary axis. The Sobolev imbedding theorem shows that ||¢;|r., < Cl|A%p;|L, = A
for s > d/2, so we see that E(t)v is defined by (A.2) also for v € Lo, and Ret > 0.

The solution of (A.1) may thus be written in the form

(E(t)v)(z) :/Qk(:v y,t)v(y)dy, forx e 2,t>0, k(z,y,t) Ze itoi(x) pi(y). (A.3)

We remark that E(t)v € Co(£? 2) for t > 0, but that E(t)v converges to v in Lo, as t — 0 only
when v € Co(£2).
For the pure initial-value problem on R?, the representation (A.3) holds with k(z,y,t)

replaced by the Gaussian kernel G(z,y,t) = (47rt)_d/2e_‘w_y‘2/(4t), and, since both k(z,-,-)
and G(z,-, ) satisfy the heat equation, the maximum-principle on {2 shows

0 < k(z,y,t) < G(z,y,t), forxz,ye 2, t>0.

From this we deduce, with ||A|z, 1, denoting the operator norm of A: L, — L,
IEO) 2.t = IEO£,22 S NG 0,8)|| ey = (8m) "4, for ¢ > 0. (A.4)

Writing ¢ = 7 + ic we have by the semigroup property that E(t) = E(37)E(ic)E(57) for
7 > 0 and hence

IEON 212 < IEGT 22,200l EG0) | Lo, 22 | E(GT) 21,22 < (47 Ret) /2.

We now note that (A.3) holds for ¢t € X, for any ¢ € (0, $7), and that the kernel k(-, -, t)
is analytic there. To show the desired result it therefore suffices to demonstrate that

|k(z,-, )|, <Cp, forazef teX,. (A.5)

For this we shall need the following consequence of the Phragmen-Lindel6f theorem.

LEMMA A.1 Let f(z) be analytic in Xy, with 6 € (0, 47), and assume
If(2)| <M, forze Xy and |f(z)] < Me %® forzeR,.
Then, for ¢ € (0,0) we have

sin(f — ¢) .

<Me "VIED for 2 e 8 h =
|f(2)] e , lorz 0, Where K "
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Proof. We set g7 (2) = f(27!) exp(ibe' z/sinf). After simple calculations one finds
lgt(z)] < M for argz = —0,0, and |g*(z)| < M e¥Z/5m0  for argz e [-6,0].

From the Phragmen-Lindel6f theorem it follows that |g*(z)| < M for argz € [—6,0]. Hence,
for arg z € (0, ¢),

1f(2) =gt (z"") exp (—ibe®2"/sin0)| < M exp (—b|z| ' sin(f — w)/sinf) < M e="b/1Z]

Using instead ¢~ (2) = f(271) exp(—ibe~ " z/sinf), the analogous argument shows the result
for arg z € (—¢, 0). O

In the proof of (A.5) we shall use a result of Dunford and Pettis concerning the norm of an
operator K : L1 — Lo, defined by a kernel k(z, y), which states that

1K s = [kl oxe i (Kv)(a) = /Q Kz, 9)oly) d.

Using this it follows from (A.4) that
kG Ol b @nm) = IED) Ly Lo < (AmRet)™ 2, for Ret >0,
and it thus follows that
o) < {00 S0 i
Applying Lemma A.1 to the function f(t) = (4nt)%? k(x,y,t) gives, with o = argt € [0, 6),

4rr|t]

Ant)4/2 ) D] < (cos §) Y2 e=r lz—yl*/Alt]) <(
[(4mt)*" k(x,y,1)| < (cos )" e —oosf

a/2
)" Gy, ltl/w),
and hence

[EOLoc,Loe < sup [[k(z, -, )L,
e

< (nfe 2 (Y2 / Gl /) dy = (%)d/z-

K cos sin( — ¢
Choosing 6 = (37 + ) we find easily

tanf  2sinf < 2
sin(@ —¢) 1—sing = 1—sing’

which completes the proof of the theorem. O
We are now in a position to show the desired resolvent estimate (2.2).

THEOREM A.2 For any ¢ € (0, 3m) there is a constant C,, such that

_ C
[(zI + A) 1’UHLOO < 1—|—¢|z| oo, forzgX,, wve& L.
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Proof.  For z = |z €™ with ¢ < w < 37 (negative w may be treated analogously), we have

with ¢ = %w — %w, after changing the contour of integration from R, to e®R,,

(z1+A)L = —¢ / et B(te™) dt.
0

In view of Theorem A.1 this shows

/2 [ a2
l(zT+2)7Y L <(__i_0 / e cos(@ /D=t gy o 11 ( ? )
oo 1 —singp 0 |Z|COS(§g0) 1—singp

Since (—A)~! is bounded in L, the resolvent is bounded for small |z|, which completes the
proof. O
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